A finely tuned Ca 2؉ signaling system is essential for cells to transduce extracellular stimuli, to regulate growth, and to differentiate. We have recently cloned CaT-like (CaT-L), a highly selective Ca 2؉ channel closely related to the epithelial calcium channels (ECaC) and the calcium transport protein CaT1. CaT-L is expressed in selected exocrine tissues, and its expression also strikingly correlates with the malignancy of prostate cancer. The expression pattern and selective Ca 2؉ permeation properties suggest an important function in Ca 2؉ uptake and a role in tumor progression, but not much is known about the regulation of this subfamily of ion channels. We now demonstrate a biochemical and functional mechanism by which cells can control CaT-L activity. CaT-L is regulated by means of a unique calmodulin binding site, which, at the same time, is a target for protein kinase C-dependent phosphorylation. We show that Ca 2؉ -dependent calmodulin binding to CaT-L, which facilitates channel inactivation, can be counteracted by protein kinase C-mediated phosphorylation of the calmodulin binding site.
T ight regulation of intracellular Ca 2ϩ
homeostasis is essential for the survival of virtually all cell types. Although much is known about the components and their physiological function maintaining rapid Ca 2ϩ signaling in excitable tissue (1, 2) , less is known in nonexcitable cells. Although there is growing evidence for changes in Ca 2ϩ -homeostasis causing cells to proliferate and ultimately become malignant cancer cells (3) , the molecular components that cause these changes are largely unknown. A subfamily of Ca 2ϩ -selective ion channels has recently emerged that is involved in transcellular Ca 2ϩ uptake in epithelial cells (4, 5) , and its members are very distantly related to transient receptor potential (TRP)-channels. In contrast to the activation mechanism discussed for some of the classic members of the mammalian TRP family (6, 7) , these epithelial channels are not likely to be gated by depletion of internal calcium stores (5, 8) . We have recently identified a member of this family, human calcium transport protein-like (CaT-L), and demonstrated that its physiological profile concerning current size and Ca 2ϩ selectivity resembles that of rabbit epithelial calcium channels (ECaC) (9) . Its sequence is almost identical to the also recently cloned human CaT1 (10) , but its expression pattern in healthy trophoblasts and syncytiotrophoblasts of the placenta, pancreatic acinar cells, and salivary glands, but not in kidney or small intestine differs from rabbit ECaC and rat CaT1 beyond the expected species differences. Interestingly, we found that, whereas CaT-L expression cannot be detected in normal prostate tissues, its expression increases when these tissues undergo malignant transformation to metastatic stages that infiltrate the rest of the body (9) .
The expression pattern and the selective Ca 2ϩ permeation properties of CaT-L channels suggest an important function in Ca 2 ϩ uptake and possibly in the potential for cellular transformation. The regulation and modulation of the related ECaC are not well characterized, and, given the fact that CaT-L shows very low overall homology (13-19% sequence identity) to the better characterized members of the ''classic'' TRP family, such as Drosophila TRP and TRPL (for review see refs. 11-13), we investigated feedback regulation of CaT-L channel activity. We show that inactivation of CaT-L is a multiphasic process with a rapid calcium-dependent phase and a later calcium-calmodulin (Ca 2ϩ -CaM)-dependent phase. We further demonstrate by biochemical and functional analyses that the calmodulin-dependent inactivation can be counteracted by phosphorylation through protein kinase C (PKC).
Materials and Methods
Site-Directed Mutagenesis. To obtain the short CaT-L variant (S), two complementary oligonucleotides that introduced two stop codons after a MunI recognition site and contained a 3Ј NheI recognition site were ligated into the MunI͞NheI-digested pdiCaT-L plasmid (9) , yielding truncated CaT-L (CaT-L ⌬ 693-725). To obtain the 6 R͞E mutant, amino acid changes were introduced by using mutated oligonucleotides (R697͞E, R699͞E, R704͞G, R705E, R708͞E, R713͞E) and wild-type CaT-L as template. Resulting PCR fragments were subcloned into the MunI͞NheI-digested pdiCaT-L and pcDNA3 vectors and sequenced. In vitro transcription and translation of CaT-L and mutant constructs was performed by using the TnT7 Quick translation kit (Promega). In vitro translated proteins were isolated by gel filtration with Sephadex G50 columns. Chinese hamster ovary (CHO) cells were transfected with pdiCaT-L and with mutant constructs as described (9) . To obtain the FLAGtagged CaT-L construct, we inserted an EcoRV-digested FLAG epitope (DYKDDDDK) in the EcoRV recognition site at amino acid position 383 of CaT-L. Sequencing revealed a tandem insertion of four FLAG epitopes at this position.
Electrophysiology. Patch-clamp recordings on single transfected CHO cells were performed 1 day after transfection as described (9) . Pipette solution contained (in mM): 140 aspartic acid, 10 EGTA, 10 NaCl, 1 MgCl 2 , 10 Hepes (pH 7.2 with CsOH). Bath solution contained (in mM): 100 NaCl, 10 CsCl, 2 MgCl 2 , 50 mannitol, 10 glucose, 20 Hepes (pH 7.4 with CsOH) and 30 CaCl 2 , or 30 BaCl 2 . After break-in, whole cell currents were recorded every 10 s by applying 100-ms voltage-clamp ramps from Ϫ100 mV to ϩ100 mV from a holding potential of ϩ70 mV until ramp currents reached steady state. Twenty seconds after reaching steady state, a 1-s voltage step to Ϫ100 mV was applied. Data are given as mean Ϯ SEM. Values were not corrected for liquid junction potentials. PKC inhibitors bisindolylmaleimide I and Gö6983 and the phorbol ester PMA (phorbol 12-myristate 13-acetate) were from Calbiochem.
Glutathione S-Transferase (GST)-CaT-L Fusion Proteins and Pull-Down
Assays. CaT-L sequences were amplified by PCR, subcloned into pGEX-KG, sequenced, and expressed in Escherichia coli BL21.
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CaM-agarose or GST-CaT-L fusion proteins bound to glutathione-Sepharose were equilibrated in TBS buffer containing 0.1% Triton X-100 and 1 mM CaCl 2 ) showed incorporation of 1.1 mol dansyl͞mol CaM. Fluorescence emission spectra were monitored at 20°C on a luminescence spectrometer (Perkin-Elmer LS50) in the presence of 20 mM Hepes, pH 7.4, 200-400 nM dansyl-CaM, and different concentrations of peptides and 1 mM CaCl 2 or 2 mM EGTA. The excitation wavelength was 340 nm, slit width was 5 nm, and emission wavelengths between 400 and 600 nm were measured. The fractional degree of saturated dansyl-calmodulin fluorescence (a) was calculated as a ϭ (F Ϫ F 0 )͞(F ϱ Ϫ F 0 ), where F ϱ represents the fluorescence intensity at saturated peptide levels. a was plotted as a function of free peptide concentrations, and the dissociation constants for the CaM-peptide binding were calculated from curve fitting by using SIGMAPLOT 4.0 software.
Phosphorylation Assay with PKC-␣. The synthetic peptide 395 was phosphorylated with PKC-␣ (Calbiochem) in a buffer containing 20 mM Tris⅐HCl, pH 7.5, 5 mM MgCl 2 , 0.2 mM CaCl 2 , 5 M [␥-32 P]ATP (specific activity 10,000 cpm͞pmol ATP), 100 g͞ml L-␣-phosphatidyl-L-serine, 100 ng͞ml PMA in the absence or presence of CaM (bovine brain; Calbiochem) in a final volume of 20 l. The reaction was started by addition of 2 nM protein kinase C␣. After incubation for 3 min at 30°C, the reaction was stopped by spotting the mix onto P-81 paper followed by three 5-min washes in 75 mM H 3 PO 4 , and incorporated 32 P was counted by Cerenkov radiation. Phosphorylation of CAT-L-C3 GST fusion protein (3 pmol) was performed as described above, and the reaction was stopped after 2, 5, 10, 15, 30, 60, and 90 min by addition of sample buffer. Incorporated 32 P was analyzed after SDS͞PAGE electrophoresis by phosphoimager analysis. To study phosphorylation study of the full-length channel protein, CaT-L including the FLAG-epitope was expressed in HEK cells (Ϸ50,000 cells before transfection), harvested 24 h after transfection, and membrane proteins were solubilized in 50 mM Tris⅐HCl, pH 7.5, 150 mM NaCl, 2.5% polyoxyethylene 9 lauryl ether (Lubrol) with a mixture of protease inhibitors, and tagged proteins were purified by using anti-FLAG M2-agarose (Sigma). Phosphorylation of CAT-L was performed as described above by using Ϸ1͞50 volume of the anti-FLAG-agarose eluate and 4 nM PKC for 20 min at 37°C in 80 l. Reaction was stopped by addition of sample buffer.
Results
In our initial paper describing the cloning and expression of CaT-L (9) currents in response to a hyperpolarizing voltage step (Fig. 1A) , which then show a strong time-dependent inactivation with at least two different kinetic components. This inactivation behavior is largely mediated by calcium as substitution of calcium by barium alters activation and inactivation: rapid and multiphasic inactivation is abolished, although I Ba still inactivates very slowly (Fig. 1B) . Although the time course of the initial rapid inactivation suggests a negative feedback mechanism with little delay, possibly by Ca 2ϩ itself, the difference between the overall inactivation between Ca 2ϩ -and Ba 2ϩ -mediated currents of the later phase may indicate the involvement of additional Ca 2ϩ -dependent factors with slower kinetics. One protein known to be involved in feedback regulation of many ion channels is CaM (for review see ref. 15 ). We thus first examined whether the entire 35 Slabeled in vitro-translated CaT-L protein can bind to CaM agarose in a Ca 2ϩ -dependent manner. As shown in Fig. 1C , the Ϸ83-kDa CaT-L protein binds to CaM in the presence, but not in the absence, of Ca 2ϩ . To identify CaM binding sites, GSTfusion proteins encompassing different N-and C-terminal CaT-L domains (Fig. 1C) were constructed and expressed in E. coli. Approximately 2 g of each fusion protein bound to glutathione-Sepharose was incubated with [ 35 S]CaM in the presence of 1 mM Ca 2ϩ or 2 mM EGTA. The CaM binding site is located within the C-terminal domain of CaT-L (C1 fusion protein, Fig. 1D ). Several smaller fusion proteins were then constructed and tested. Fusion protein C4 encompassing amino acid residues 691-711 was found to be sufficient to bind CaM (Fig. 1D) . (Fig. 2A) .
To estimate the stoichiometry and affinity of Ca 2ϩ -CaM binding to CaT-L, we measured the binding of dansyl-CaM to the synthetic peptide 395 encompassing amino acid residues 694-716 (Fig. 2 A) . When dansyl-CaM interacts with peptide 395 in the presence of 1 mM Ca 2ϩ , the dansyl-CaM emission spectra displays a characteristic shift in the absorption of blue light and an increase in fluorescence intensity. As shown in Analyzing the amino acid sequence of the CaM binding site, we recognized a consensus sequence for a PKC phosphorylation site (RQGTLRR, see arrow in Fig. 2 A) . Alignment of the CaT-L CaM binding domain with an optimal PKC-␣-phosphorylation recognition domain and its pseudosubstrate (psd) domain (17) predicts that the CaT-L-CaM binding domain is most likely an excellent substrate for PKC (Fig. 3A) . Phosphorylation at the target threonine adds negative charges to the helix, and, therefore, binding of CaM might be influenced. We first tested this hypothesis by adding peptide 396 (amino acids 649-716), phosphorylated at threonine 702, to dansyl-CaM and recorded changes of the dansyl-CaM fluorescence. As shown in Fig. 3B , no change in fluorescence intensity, i.e., binding of the peptide to the dansyl-CaM, could be observed, indicating that CaM cannot bind to the phosphorylated peptide. To test whether peptide 395 can be phosphorylated at T702 in vitro, we performed phosphorylation assays by using the ubiquitously expressed PKC-␣ isoform (Fig. 3C) . PKC-␣ readily phosphorylates peptide 395 with apparent V max and K m values of 1.36 Ϯ 0.25 mol͞mg͞min and 2.97 Ϯ 0.84 M (n ϭ 3). These values correlate well with values described for other PKC substrates (18, 19) . If PKC competes with CaM for access to the CaT-L peptide, we would expect to see a decrease of phosphorylation in the presence of excess CaM. We therefore tested phosphorylation of peptide 395 in the presence of increasing CaM concentrations (Fig. 3C) . Preincubation of 0.1-4 M peptide with 20 M CaM completely prevented phosphorylation of the peptide, whereas, at higher peptide or lower CaM concentrations, PKC had access to the phosphorylation site and phosphorylated the peptide. To test whether the native full-length channel protein can become phosphorylated, we expressed CaT-L tagged with the FLAGepitope in HEK cells, isolated CaT-L by its binding to FLAG agarose, and showed that the retained protein is phosphorylated (Fig. 3D, Left) . CaT-L protein contains several predicted PKC phosphorylation sites (9) and thus may not be phosphorylated at T702 only. We therefore phosphorylated GST-CaT-L fusion protein C3 (see Fig. 1C ), which only contains the T702 site. As seen in Fig. 3D Right, phosphorylation of C3 is almost complete after 2 min, indicating that T702 of CaT-L is an excellent substrate for PKC-dependent phosphorylation. These findings suggest that phosphorylation of CaT-L and Ca 2ϩ -dependent CaM binding are likely to play a role in channel regulation in vivo.
To characterize this regulation in vivo, we first altered the CaM binding site and tested the ability of in vitro-translated CaT-L mutants to bind CaM in the presence of 60 M free Ca 2ϩ . Three mutants were constructed, the first by deleting the last 32 amino acid residues of CaT-L's C terminus containing the entire CaM binding site (S, short construct), and the second by mutating six arginine residues within the CaM binding site (see asterisks in Fig. 2 A) to five oppositely charged glutamate residues and one glycine residue (named 6 R͞E). In the third mutant, we changed the PKC substrate threonine (T702) to an alanine residue (T͞A), as pointed out by the arrow in Figs. 2 A  and 3A . The single point mutation should not affect CaM binding but abolish phosphorylation by PKC. As predicted, after in vitro translation and 35 S-labeling of the different constructs, no binding to CaM-agarose was observed for the truncated channel (S) and the point mutant (6 R͞E), whereas CaT-L wild-type and the (T͞A) mutant bound to Ca 2ϩ -CaM (Fig. 3E) . We then transiently expressed wild-type and mutated channel constructs and performed whole-cell patch-clamp recordings (Fig. 4) . All three CaT-L mutants gave rise to normal ramp currents reversing at Ͼϩ50 mV (data not shown). If CaM binding is important for channel inactivation, one would expect to see an altered inactivation behavior in mutants that do not bind CaM. Fig. 4 shows sample current traces of wild-type CaT-L (A), short mutant S (B), point mutant 6 R͞E (C), and phosphorylation site mutant T͞A (D) in response to a hyperpolarizing voltage pulse to Ϫ100 mV. Interestingly, neither mutant showed a slow-down in the initial fast phase of inactivation (Ϸ20 ms after step to Ϫ100 mV) when compared with wild-type channels (Fig. 4E Upper) . The most striking difference was observed in the next 400-500 ms of the pulse. During this time, mutant channels that do not bind CaM almost completely fail to inactivate, but proceed to inactivate afterward. To quantitate this multiphasic inactivation behavior, we measured the current size 2 ms after peak-to avoid possible capacitance artefactsand 20 ms later and calculated the residual current fraction (r 20 ). Slow inactivation was calculated as the residual current fraction (r 930 ) of the subsequent 930 ms (Fig. 4E) . Although no delay in inactivation could be observed for any of the mutant constructs within the first 20 ms of the pulse (Fig. 4E Upper) , the residual current fraction (r 930 ) was significantly larger (0.57 Ϯ 0.039, n ϭ 13) for S compared with wild-type (0.26 Ϯ 0.03, n ϭ 14; P Ͻ 0.00001). 6 R͞E behaved similar to S and showed larger r 930 values than wild-type (0.41 Ϯ 0.044, n ϭ 13; P Ͻ 0.05), although the difference was not as dramatic. Given the fact that CaT-L can be phosphorylated at its CaM binding site (see Fig. 3 ) and is then unable to bind Ca 2ϩ -CaM, we wondered whether a fraction of the expressed wild-type channels is already phosphorylated. These channels would then be unable to bind Ca 2ϩ -CaM and reduce the effect of disturbing Ca 2ϩ -CaM binding. If this is the case, all of the expressed T͞A mutant CaT-L channels, unable to become phosphorylated at their CaM-binding site, should be able to bind Ca 2ϩ -CaM and show faster inactivation than wild-type channels. As shown in Fig. 4 D and E Neither of these inactivation profiles are significantly different from each other. We have also checked the shape of the I͞V curves, current densities, and reversal potentials for all genotypes and found no difference between wild-type and mutants, which also confirms that we have not changed the biophysical channel properties other than altering their calcium dependent inactivation mechanism. We have furthermore conducted experiments to test the influence of inhibition and stimulation of PKC on wild-type channels in vivo. To inhibit PKC activity, we have used a mix of the specific PKC blockers Bisindolylmaleimide I and Gö6983 at 1 M concentration. To stimulate, we added 100 nM of the phorbol ester PMA to the bath. We obtained the following results for the r 930 values Ϯ SEM : wild-type 0.26 Ϯ 0.03 (n ϭ 14, see initial result); wild-type with inhibitors added: 0.21 Ϯ 0.03 (n ϭ 6); and wild-type with PMA added: 0.31 Ϯ 0.06 (n ϭ 8). Addition of either drug showed effects in the expected direction, namely a speed-up if phosphorylation is prevented and a slow down if phosphorylation is encouraged; however, neither result is statistically significant different from wild type. Considering that our current measurements are done in an ''in vivo,'' but heterologous overexpression system where basal Ca 2ϩ levels are raised because of channel expression (9) and may influence PKC activation and CaM binding in the resting state, expression of the mutant constructs can be expected to yield clearer results compared with the pharmacological experiments.
Discussion
Our experiments revealed exciting features of CaT-L, a Ca 2ϩ -selective channel that is distantly related to the TRP family of ion channels. Very little is known about the regulation of CaT-L or of the most closely related epithelial calcium channels in respect to calcium binding proteins, such as calmodulin or other second messengers. Calmodulin is a ubiquitous protein known to regulate the activity of different ion channels, Ca 2ϩ pumps and other proteins in a Ca 2ϩ -dependent manner (for review, see refs. 15 and 20 Given CaT-L's selective expression in certain exocrine tissues and in malignant cancer cells of prostate origin, knowledge of the feedback mechanism may be critical for understanding function and differentiation in these cells. We showed that Ca 2ϩ inactivates CaT-L channels in several ways: First, there is a rapid inactivation of CaT-L channels that is clearly independent of CaM binding and could be because of a local effect of Ca 2ϩ on the intracellular pore forming region (see refs. 26 and 27 for ECaC), but was not investigated further. Secondly, there is a slower inactivation that was found to be Ca 2ϩ -CaM dependent. channel ECaC (4, 5, 8) , are likely to be regulated at the corresponding region by CaM but lack the PKC phosphorylation site (see Fig. 3A ). The Ca 2ϩ requirement for activation of PKC depends on the PKC isoform (30) and can be either lower or higher than the Ca 2ϩ -requirement for CaM binding. PKC activity thus may act as a switch that can regulate the amount of Ca 2ϩ -influx through CaT-L channels by altering their inactivation behavior (Fig. 4F) .
Our results suggest a model in which CaT-L-expressing cells can show a substantial Ca 2 ϩ -influx, where phosphorylation of CaT-L channels can act as a positive feedback system, delaying inactivation. Given our previous finding that CaT-L expression serves as a marker for prostate cancer, it is tempting to speculate that the finely tuned feedback mechanism that must exist in CaT-L-expressing exocrine cells (9) has gone astray in cancer cells. Here, increased activation of protein kinases (31) could lead to up-regulated Ca 2ϩ influx through CaT-L channels and, as a consequence, altered Ca 2ϩ -homeostasis and gene expression.
